Effects of continuous low-dose epidural bupivacaine (0.05-0.1%) infusion on the Doppler velocimetry for labor analgesia have been well documented. The aim of this study was to monitor the activity of the autonomic nervous system (ANS) for women in labor based on Hilbert Huang transform (HHT), which performs signal processing for nonlinear systems, such as human cardiac systems. Thirteen pregnant women were included in the experimental group for labor analgesia. They received continuous epidural bupivacaine 0.075% infusion. The normal-tonormal intervals (NN-interval) were downloaded from an ECG holter. Another 20 pregnant women in non-anesthesia labor (average gestation age was 38.6 weeks) were included in the comparison group. In this study, HHT was used to decompose components of ECG signals, which reflect three different frequency bands of a person's heart rate spectrum (viz. high frequency (HF), low frequency (LF) and very low frequency (VLF)). It was found that the change of energy in subjects without anesthesia was more active than that with continuous epidural bupivacaine 0.075% infusion. The energy values of the experimental group (i.e., labor analgesia) of HF and LF of ANS activities were significantly lower (P < 0.05) than the values of the comparison group (viz. labor without analgesia), but the trend of energy ratio of LF/HF was opposite. In conclusion, the sympathetic and parasympathetic components of ANS are all suppressed by continuous lowdose epidural bupivacaine 0.075% infusion, but parasympathetic power is suppressed more than sympathetic power.
INTRODUCTION
Epidural analgesia is commonly used for pain relief during labor in modern obstetric practice, but the influence on the fetus and childbirth are still called into question. Epidural analgesia can prolong the course of labor and increase the rate of instrument delivery. The effects of continuous epidural analgesia on Doppler velocimetry of uterine arteries during labor analgesia have been reported [1] showing that the velocimet-ric indices of uterine vascular resistance significantly increased 1, 2, and 4 hours after epidural infusion, and then returned to the baseline (before analgesia) after delivery.
Previous studies have shown that the autonomic nervous system (ANS) contributes to the regulation of heart contraction on both beating rate and contracting volume in patients [2] . In 1981, Akselrod et al. [3] found that an ECG could present activity of ANS via the Fourier spectrum by Fast Fourier Transform (FFT). Thereafter, the reactions of different frequency bands of ANS were investigated by many different methods. They reflected the reactions of parasympathetic tone via the high-frequency (HF) band (0.15~0.4 Hz for human) of energy of the heart beat spectrum and the reactions of sympathetic tone via low-frequency (LF) band (0.04~0.15 Hz for human) of energy of the heart beat spectrum [4] . Sympathovagal effects and the ANS response were assessed in women in labor under epidural or spinal anesthesia, which can be treated by heart rate variability analysis [2, 5, 6] . However, traditional assessments of ANS activity and sympathovagal effects are based on the assumption of linearity, while human cardiac system performs as a nonlinear system. This work presents a new assessment of ANS activity based on an innovative technique for a nonlinear system.
Empirical mode decomposition (EMD) proposed by Dr. Huang in 1998 is an adaptive signal processing and analysis algorithm for nonlinear and non-stationary systems [8] . It is an innovative method with an advantage over the FFT which can only handle linear systems. Moreover, the decomposed components, named intrinsic mode frequency (IMF), can be used to derive the time-frequency-amplitude distribution using Hilbert transform [9] . The combination of EMD and Hilbert transform is named Hilbert Huang transform (HHT) [8] .
In this study, 13 heart rate recordings during the labor processes and 20 subjects of a control group were decomposed into the first 8 IMFs by EMD. Time-frequencyamplitude distributions were then derived from the IMFs using Hilbert transform. The connections between these particular IMFs and sympathetic or parasympathetic tone were verified via the averaged periods of IMFs and the frequency bands of HHT. HF and LF bands of the heart beat spectrum were evaluated using the energy density of the correlated IMFs decomposed from heart beat time series. Therefore, the reaction on ANS caused by epidural analgesia could be estimated via the total energy of the special frequency band of heart beat spectrum. The aim of this study was to show how continuous low-dose epidural bupivacaine infusion affected the activity of ANS for women in labor compared with subjects without analgesia.
HILBERT-HUANG TRANSFORM APPLIED IN CONTINUOUS EPIDURAL ANALGESIA
The Hilbert-Huang transform is a combination of empirical mode decomposition (EMD) and Hilbert transform to decompose a signal into a limited number of intrinsic mode functions (IMF), and to derive the instantaneous time-frequency-amplitude distribution of each IMF. Figure 1 shows an illustration of HHT and more details are provided below. The core of HHT is the EMD shown inside the dashed rectangle. The output of IMFs was used to generate Hilbert spectrum of signal by Hilbert transform. A sifting process is the main process of EMD. A signal, s(t), was decomposed by the sifting process to gain a candidate for IMF. The IMF candidate must satisfy two necessary conditions to be identified as a formal IMF, and it is processed again and again until it does. These two necessary conditions are: Sifting is a process in which a candidate of IMF is the riding fluctuation on the signal trend. This trend is defined as the mean of envelopes (i.e., upper and lower envelopes). The upper envelope is developed by connecting the local maxima using cubic spline. Similarly, the lower envelope is obtained via local minima. Therefore, a sifting process is built up in the following steps:
Step 1: Use the original data, s(t), for the decomposition for the first IMF, and use the residual, r(t), of the last decomposition to compute the remainder IMFs. Connect all the local maxima using cubic spline to develop the upper envelope.
Repeat the procedure to the local minima to produce the lower envelope.
Step 2: Obtain the local trend of data, m 1 (t), using the mean of upper and lower envelopes.
Step 3: The difference between data and its local trend is the candidate of IMF and noted as h 1 
(t). The relationship between h 1 (t) and m 1 (t) can be expressed as: h 1 (t)=s(t) -m 1 (t).
Step 4: Ideally, h 1 (t) should satisfy these two necessary conditions for an IMF. If not, repeat step 1 to step 3 using h 1 (t) as the data to generate the next candidate of IMF until the candidate satisfies the necessary conditions. A candidate, which satisfies these conditions, can be identified as an IMF noted as c 1 (t), and then a decomposing process is completed.
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Illustration of Hilbert Huang Transform
Step 5: The residual of a decomposing process is obtained by the following equation:
Step 6: Use r 1 (t) as the new data and repeat step 1 through step 5 to obtain the next IMF c i (t) and residual r i (t). The decomposing process is repeated until the residual is a monotonic function.
The original signal s(t) can be represented by a combination of a number of IMF components and the final residual of decomposition is shown in the following eqaution:
The process from step 1 to step 6 is the complete procedure of EMD. The IMFs, c(t), generated by EMD can be further processed to generate analytic forms of mode functions by Hilbert trandform. The amplitude and instantaneous frequency can then be derived via the analytic forms of mode functions. These calaulations can be expressed as follows:
where z i (t) is the analystic form of IMF i and y i (t) is the image part of IMF i derived by Hilbert transform, a i (t) is the amplitude of IMF i, θ i (t) is the phase of IMF i, and w i (t) is the instantaneous frequency of IMF i.
Furthermore, the kinetic energy of each IMF is defined as the square of amplitude, and the frequency of each IMF is defined as the average of instantaneous frequency. The kinetic energy is used to present the energy of a special component, which represents the energy of a parasympathetic or sumpathetic tone. An ANS has sympathetic and parasympathetic components. In modulation frequencies of the heart rate, sympathetic activity is associated with the LF while parasympathetic activity is associated with HF [10, 11] . In this paper, the frequency of IMF is used to check the frequency bands of LF, HF, or very low frequency (VLF) to verifify the correlated mechanisms of an ANS, which the particular IMF reflects.
Investigation of the Effects of Continuous Low-Dose Epidural Analgesia on the Autonomic Nervous System Using Hilbert Huang Transform
METHODS ECG holter
In this study, an ECG holter developed by Micro-Star International (MSI) (instrument model of MyECG E-380 [12] ) was used to record ECG signals. Since it was a threelead ECG holter, four electrodes are required for three measuring points and the ground. These four electrodes are noted as left arm (LA), right arm (RA), left leg (LL), and right leg (RL). The placement of electrodes is shown in Figure 2 . In an ECG holter, the sampling rate can be set at 250, 500, or 1000Hz. In this investigation, the sampling rate was 500 Hz. Traditionally, ECG signal is composed of PQRST waves (P wave represents atrial depolarization; QRS complex represents ventricular depolarization; and T wave reflects the rapid repolarization of ventricles) and each R peak must be filtered to evaluate the HRV of the whole surgery. This ECG holter provides an automatic function for R-wave detection. The noise types were electromyographic interference, 60 Hz power line interference, baseline drift due to respiration, abrupt baseline shift, and a composite noise constructed from all of the other noise types. Fortunately, the MSI ECG holter filtered out these noises and sent each normal-to-normal interval for offline analysis. They were then transferred to heart rate time series with a re-sampling rate of 2 Hz. Before further analysis, the heart rate time series were decomposed into the first 8 IMFs. The frequency of each IMF was derived using the average of instantaneous frequency and compared to the frequency bands of ANS to figure out its corresponding frequency band, as shown in Table 1 . According to Table 1 , IMF 2 reflects the component of the HF band and IMFs 3-4 reflect the component of the LF band. 
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Subjects:
This study was approved by the Research Ethics Board of National Taiwan University Hospital and an informed consent was obtained from every participant. The inclusion criteria were gestational age of 36 weeks or above, singleton pregnancy, no significant medical or obstetric complications, and no evidence of fetal or maternal compromise during the preceding period of labor. The exclusion criteria were inadequate analgesia (VAS>3), poor parturient compliance, gestational diabetic mellitus and mothers with cardiovascular diseases. Based on the data of a previous study [14] , which used 28 subjects (13 patients after heart transplantation for the experimental group, and 15 patients with severe heart disease for the control group) to access the sympathetic activation before and after transplantation by power spectral analysis of heart rate variability, we conducted a power analysis using the means, standard deviations, α and β values of the experimental and control groups to calculate the expected group sizes for this study. The required minimum of satisfactory number was 12. Thus, 13 pregnant women were recruited in the experimental group and delivered under continuous epidural bupivacaine 0.075% infusion with the height of epidural block located in the range from T7 to T8. ECG recording started when participants arrived at the hospital. The normal-to-normal intervals (NN-interval) were downloaded from an MSI ECG holter. Another 20 pregnant women with an average gestational age of 38.6 weeks were in the control group. The basic information of the experimental and control groups is shown in Table 2 . 
Statistical analysis
Values were expressed as (means ± S.D). Because the sample size is too small to form normal distributions, a non-parametric statistical method was employed. Data obtained from the two groups (viz. control and experimental groups) were compared by KruskalWallis test [13] , and P < 0.05 was considered statistically significant.
RESULTS
In this investigation, the duration of the shift time-window was 2 hours in EMD. Figure  3 shows a set of IMFs decomposed from heart rate time series from a subject in the experimental group. In order to demonstrate how the anaesthetic affects the ANS, a sample of the continuous change of energy of a subject in the experimental group is shown in Figure 4 . Also, in order to compare the ANS activities between the experi-mental and the control groups, a sample of the continuous change of energy of a subject in the control group is shown in Figure 5 . Comparison of Figures 4 and 5 shows that the change of energy in control subjects without anesthesia is more active (greater change of energy) than experimental subjects receiving continuous epidural analgesia. Data of average energy of the total continuous HF are exhibited in Table 3 for the subjects in the control group, and in Table 4 for the experimental group. It is shown that the average energy of HF for the control group is greater than the experimental group (p = 0.008). Data of the average energy of the total continuous LF are shown in Table 5 for subjects in the control group, and in Table 6 for the experimental group. It is shown that the average energy of LF for the control group is greater than the experimental group (p = 0.007). Further, the data of the average energy ratio of LF / HF in Table 7 for the control group and Table 8 for the experimental group demonstrate a higher value for the experimental group than the control group (p = 0.033).
DISCUSSION
The general belief is that the activity of parasympathetic tone is lower than the main functional activity of other major systems in the human body. However, our result indicates that the high frequency heart rate under the effect of parasympathetic tone was lowered by the anesthesia. According to the established theory, the result should have been an increase in heart beat, which in turn increases blood flow. However, a previous study [1] showed that continuous epidural bupivacaine 0.075% infusion increases the resistance of uterine artery and therefore possibly reduces the uterine blood flow. One possible explanation for this observation is that the balance of the ANS was disrupted. Therefore, when the parasympathetic tone was broken by epidural bupivacaine, the sympathetic tone was also affected at the same time. The interaction between sympathetic and parasympathetic is well known as an important mechanism of ANS. According to previous studies [15] [16] [17] , the low/high frequency energy ratio reflects the index of sympathy-vagal balance, which means the sympathetic and parasympathetic components of ANS are all suppressed by continuous low-dose epidural bupivacaine 0.075% infusion, but the parasympathetic power is suppressed more than the sympathetic power. Our results agree with the previous studies.
In future research, we will attempt to obtain longer ECG signal records in order to observe full heart rate variations before and after continuous epidural bupivacaine 0.075% infusion. We speculate that the onset of labor also influences heart rate variation and deserves investigation using HHT method to obtain a suitable EMD. The resulting ECG from lying-in women who do not undergo painless labor would be processed to eliminate the effect of labor on heart rate variation. These results can be compared with those undergoing painless labor in order to better understand the relation between autonomic nervous system and heart rate variation. The present work suggests that HHT may be a valuable tool to investigate ANS response. It may be worthwhile to compare the performances of the traditional methods (such as that employed in Akselrod et al. [3] ) and the HHT-based method in evaluating ANS responses.
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CONCLUSIONS
In this paper, it was found that the change of energy in pregnant women in labor without anesthesia is more active than those receiving continuous epidural analgesia via bupivacaine 0.075% infusion. The energy values of HF and LF ANS activities were significantly lower in subjects receiving analgesia than those without, but the trend for energy ratio of LF/HF was the opposite. The current results suggest that the sympathetic and parasympathetic components of ANS were all suppressed by continuous low-dose epidural bupivacaine 0.075% infusion, but the parasympathetic power was suppressed more than the sympathetic power. However, due to the interactive counteraction of the automatic nervous system, this result would be affected when the electricity releasing rate from the parasympathetic nerve is affected. Therefore, the automatic nervous system would be affected under continuous low-dose epidural bupivacaine infusion during painless delivery.
